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a  b  s  t  r  a  c  t
Diagnostic  strategies  to  detect  contagious  mastitis  caused  by  Mycoplasma  bovis,  Staphylo-
coccus  aureus,  and  Streptococcus  agalactiae  in  dairy herds  during  an  outbreak  have  been
minimally  studied  with  regard  to  cost  and diagnostic  sensitivity.  The  objective  of  this
cross-sectional  study  was  to  compare  the  cost-effectiveness  of  diagnostic  strategies  for
identiﬁcation of infected  cows  in  two  California  dairy  herds  during  contagious  mastitis
outbreaks.
M. bovis  was  investigated  in  a subset  of  a herd  (n = 1210  cows)  with  an  estimated  preva-
lence  of  2.8%  (95%  CI = 1.9,  3.7), whereas  Staph.  aureus  and  Strep.  agalactiae  were  studied
in  a second  herd  (n =  351  cows)  with  an estimated  prevalence  of  3.4%  (95%  CI = 1.5, 5.3)
and  16.8%  (95%  CI = 12.9,  20.7),  respectively.  Diagnostic  strategies  involved  a combination
of  testing  stages  that utilized  bacterial  culture,  quantitative  real-time  PCR  (qPCR),  or  both.
Strategies  were  applied  to  individual  or pooled  samples  of  5, 10,  50 or 100  samples.  Culture
was considered  the gold  standard  for sensitivity  estimation  of  each  strategy.  The  reference
strategy  was  the  strategy  with  the  lowest  cost  per  culture-positive  cow  which  for both  M.
bovis and  Strep.  agalactiae  consisted  of  2  stages,  culture  of samples  in pools  of 5 followed
by  culture  of  individual  samples  in  positive  pools  with  a sensitivity  of  73.5%  (95% CI:  55.6,
87.1)  and  96.6%  (95%  CI:  27.7,  84.8),  respectively.  The  reference  strategy  for Staph. aureus
consisted  of 3 stages,  culture  of  individual  samples  in  pools  of  100  (stage  1),  culture  con-
stituents  of  those  positive  from  stage  1 in  pools  of  5  (stage  2),  culture  constituents  of those
positive  from  stage  2 individually  (stage  3)  which  resulted  in  a sensitivity  of  58.3%  (95%  CI:
88.3, 99.6).  The  most  cost-effective  alternative  to the  reference  strategy  was  whole  herd
milk  culture  for  all 3  pathogens.  QPCR  testing  was  a  component  of  the second  most  cost-
effective  alternative  for M.  bovis  and  the  third  most  cost-effective  alternatives  for  the  3
pathogens.
A stochastic  model  was used  to assess  the  effect  of prevalence  or herd  size on  the
cost-effectiveness  of  diagnostic  strategies.  In the  current  study,  increasing  the  prevalence
of mastitis  did  not  alter  the  ranking  of  strategies  by  cost-effectiveness.  However,  larger
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herds  could  beneﬁt  from  testing  larger  pools  such  as  50 or 100  samples  to improve  cost-
effectiveness.  Several  diagnostic  strategy  options  exist  to  identify  contagious  mastitis  in
ould  be
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. Introduction
Mastitis is the most prevalent disease on dairies caus-
ng  serious economic losses in dairy herds (Halasa et al.,
007).  In the U.S., the mean cost per clinical mastitis case
aused  by gram-positive, gram-negative bacteria, or other
rganisms such as Mycoplasma spp. has been estimated at
S$133.73,  US$211.03, and US$95.31, respectively, with
ajority  of the cost attributed to treatment (Cha et al.,
011).  Another study showed that the total cost of mas-
itis  in heifers based on a European dairy operation with
0  heifers calving per year was on average D626 per year
t  farm level, ranging between D85 (5th percentile) and
1657  (95th percentile) with most costs going to culling
nd  production losses (Huijps et al., 2009).
Mycoplasma bovis, Staphylococcus aureus, and Strepto-
occus agalactiae are contagious mastitis pathogens that
ay  cause chronic mastitis. Mycoplasma mastitis has been
eported  worldwide in intensive dairy herd systems (Fox
t  al., 2005). In the U.S., a difference in prevalence of
ycoplasma spp. was reported depending on herd sizes
ith  14.4% in large herds (500 or more cows), 4.2% in
edium herds (100–499 cows), and 1.8% in small herds
fewer than 100 cows) (USDA APHIS, 2008). Overall preva-
ence  of Mycoplasma spp. in U.S. dairy herds was estimated
t  3.2%. The prevalence was higher with 17.7% in the West-
rn  region, including California, compared to the Eastern
egion with 4.2% (USDA APHIS, 2008). Staph. aureus can
e  frequently isolated from bulk tank milk (Olde Riekerink
t  al., 2008, 2010). A 2007 bulk tank milk survey of U.S.
airies with herd size of 30 or more milking cows esti-
ated 43.0% herd-level prevalence of Staph. aureus (USDA
PHIS,  2008). In addition, Strep. agalactiae may  cause sub-
linical  mastitis leading to substantial economic losses to
airy  producers (Keefe, 1997). Prevalence of Strep. agalac-
iae  was estimated at 2.6% in major U.S. dairy states (USDA
PHIS,  2008).
Identiﬁcation of cows infected with a contagious masti-
is  pathogen during an outbreak in large dairy herds can be
hallenging because of the economics of testing an entire
erd  or the decrease in sensitivity associated with the
ommon practice of testing the bulk tank or milking pen
amples followed by sampling individual cows in positive
ens.  For example, routine bulk tank milk culture is com-
only  used to screen dairy herds for mastitis caused by
ycoplasma spp. A positive bulk tank milk culture result
ay  then be followed by culture of milk from pen sam-
les  with the aim of identifying the pen(s) housing infected
ows.  However, the sensitivity of such an approach is ques-
ionable  on large dairies that often have more than 150
ows  per pen. Furthermore, the techniques used to col-
ect  pen samples vary widely among farms. An example
f  milking pen sample collection that may  not accurately
epresent the pen population includes sampling leftover
ilk  in the receiving vat between pens which may  only based  on cost  and  sensitivity  of  the  strategies  available.
thors.  Published  by  Elsevier  B.V. 
represent the last few cows milked in a pen. A more rep-
resentative sample may  be attained by collecting an inline
drip  sample from the milk line prior to the bulk tank. Milk is
then  sampled into a separate clean container for each pen.
Sampling  large pens (>200 cows) often times requires a
second  sub-sample to maintain collection of a manageable
sample volume. Reduction in test sensitivity may also be
expected  with composite milk samples, samples collected
from  all 4 quarters of cows’ udders and commonly used for
whole  herd tests, as compared to collection of individual
quarter milk samples as in clinical mastitis cases.
Several reports describe the use of PCR to detect M.
bovis (Ghadersohi et al., 1997; Hayman and Hirst, 2003).
Recently, a commercial quantitative real-time PCR (qPCR)
kit  capable of detecting the 3 contagious mastitis pathogens
has  been developed (PathoProof Mastitis, Thermo Fisher
Scientiﬁc, Finland). In a study using 1000 milk samples
from cows with mastitis, the sensitivity of the qPCR kit and
conventional bacterial culture was  estimated at 89% and
77%,  respectively (Koskinen et al., 2010). Although qPCR
is  becoming increasingly popular due to its high sensitiv-
ity  and short turnaround time for results, it remains an
expensive and complex assay compared to bacterial cul-
ture.  Furthermore, qPCR is designed to identify genomic
DNA instead of viable cells, and the clinical relevance of
this  difference awaits further evaluation regarding viable
pathogens (Koskinen et al., 2010). One testing labora-
tory offers qPCR testing for the 3 pathogens at US$19
for members or US$21 for non-members. In contrast, cul-
ture  for Mycoplasma spp. in combination with enrichment
broth inoculation costs approximately US$6, routine aer-
obic  culture on blood agar costs US$5 and both cultures
cost approximately US$6.50. Depending on the number
of  samples tested and with coordination with the testing
laboratory, qPCR results may  be available as soon as 1–2
days  after submission. The turnaround time for bacterial
culture is 48 h for Staph. aureus and Strep. agalactiae and
7  days for M. bovis (Oliver et al., 2004). Hence, the rapid
turnaround time for qPCR results makes it an attractive
option for Mycoplasma spp. identiﬁcation.
Testing pooled milk samples may  be an alternative to
testing  bulk tank and pen milk samples by reducing the
total  number of samples tested and consequently reducing
costs  associated with sample collection labor, supplies and
laboratory  fees. The reduction in cost by testing pooled milk
samples  compared to individual samples is accompanied
by a reduction in test sensitivity (Munoz-Zanzi et al., 2006).
However, testing pools of 5–100 samples can be expected
to  be more sensitive than testing pen samples which
may  commonly contain 100–250 cows on large California
dairies. A balance between cost and sensitivity at which a
herd  is screened for a pathogen may  be identiﬁed by offer-
Open access under CC BY-NC-ND license.ing  a set of cost-effective alternative(s) to a whole herd
culture test for surveillance during a mastitis outbreak.
In addition, a more cost-effective approach to identifying
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cows with contagious mastitis in large dairy herds may
minimize economic losses due to mastitis through early
detection and control of transmission of the infection to
the  remaining healthy herd mates.
Thus far, the cost-effectiveness of the different pool-
ing  strategies to identify cows infected with contagious
mastitis in large herds has not been described. Similar
approaches have been reported in Johne’s disease surveil-
lance  in large dairy herds (van Schaik et al., 2003; Aly et al.,
2012)  and may  offer a more sensitive alternative to testing
bulk  tank or pen milk samples, and less costly alternative
to  a whole herd culture test.
Several diagnostic strategies are possible given the dif-
ferent  combinations of qPCR and bacterial culture, and pool
size  options. An example of a diagnostic strategy is a series
of  qPCR and bacterial culture tests conducted on a series
of  pooled milk samples, in descending pool size. Similar
diagnostic strategies were proposed for identiﬁcation of
Johne’s  infected cattle in large dairy herds (Aly et al., 2012).
In  addition to the decrease in sensitivity, another drawback
of  testing pools nested within each other is the prolonged
turnaround time from submission to results. Once individ-
ual  samples are submitted, a testing laboratory would have
to  factor in time required to create pooled samples and
the  sum of the incubation periods for the different pooled
samples as well as the individual cow samples identiﬁed in
the  ﬁnal stage of a diagnostic strategy. A higher sensitivity
may  be achieved especially if qPCR is included in a diag-
nostic  strategy compared to culture alone. Therefore, the
optimum choice between such two competing strategies
depends not only on the difference in cost but also on the
difference in sensitivity to detect infected cows.
The objective of this cross-sectional study was  to com-
pare  the cost-effectiveness of diagnostic strategies for
identiﬁcation of infected cows in two California dairy herds
during  contagious mastitis outbreaks. A second objective
was  to investigate the effect of prevalence and herd size on
the  cost-effectiveness of diagnostic strategies to identify
mastitis cows in dairy herds.
2. Materials and methods
2.1.  Study herds
The  study was conducted on 2 herds. The ﬁrst herd
consisted of 2300 milking Holstein cows housed in 14 free-
stall  pens located in Tulare County, California. The herd
had  a history of positive bulk tank samples for M. bovis.
Soon after, the owner attempted to identify and cull the
infected cows using qPCR testing of milking pen samples
and  culture of cows in qPCR positive pens. At the start of
this  study, 7 qPCR positive pens had been identiﬁed. Hence,
the  subset of cows included in this study consisted of 1210
cows  (hereafter referred to as herd 1) in 7 pens (mean pen
size  [standard deviation (SD)] = 173 [94]), 2 of which were
hospital  pens (pen numbers 3 and 4).
The validation herd (hereafter referred to as herd 2)
consisted of 351 milking Holstein cows also in Tulare
County, and housed in 2 free-stall pens (mean pen size
[SD]  = 176 [0.7]). Herd 2 offered a unique opportunity
to screen for mastitis cows at the start of the outbreakedicine 113 (2014) 522–535
compared to herd 1 in which initial pen screening and sub-
sequent  individual cow testing had been performed prior
to  start of the study. Both mycoplasma and aerobic bacteria
cultures revealed that herd 2 was  positive for all 3 conta-
gious pathogens.
2.2.  Sample collection
In  November 2011, 1210 composite milk samples were
collected from herd 1 cows housed in the 7 presump-
tively mycoplasma positive pens. Composite milk samples
were  collected aseptically, following the guidelines of the
National  Mastitis Council (Oliver et al., 2004) from all 1210
cows  on a single day. Milk samples were labeled, serially
numbered, and stored at 4 ◦C until delivery to a commercial
laboratory that routinely served herd 1. The choice of com-
posite  milk samples was based on the herd’s owner and
veterinarian’s choice and subsequently the decision was
made  by the authors to adopt composite samples for this
study  to allow for ﬁeld application of the study ﬁndings.
The choice of composite samples was  further supported by
the  fact that it is a common practice for whole herd culture
tests  on large California dairies. Once milk samples were
cultured for Mycoplasma spp. at the commercial laboratory,
samples were immediately frozen until transported to the
Dairy  Epidemiology and the Milk Quality Laboratories (Vet-
erinary  Medicine Teaching and Research Center (VMTRC),
Tulare, CA, USA) where they were aggregated into pools
and  cultured for the second time, respectively. Results of
the  culture were provided for the analysis reported herein
and  a comparison of the agreement between the two lab-
oratories.
Herd  2 samples were collected in January, 2012 as
part of the Dairy Production Medicine (VMTRC, Tulare,
CA,  USA) clinical program’s investigation of a mastitis out-
break.  Composite milk samples were aseptically collected
and  processed in the same fashion, then transported to the
Dairy  Epidemiology and the Milk Quality Laboratories.
2.3. Sample pooling
For  herd 1, the 1210 composite milk samples were
pooled to create pool sizes of 5, 10, 50, and 100 samples.
The 5-sample pools were created from the 1210 samples
into  sterile conical tubes, resulting in a total of 242 pooled
samples. To create 10-sample pools, aliquots were drawn
from  two consecutively numbered 5-sample pools, result-
ing  in 121 pooled samples. In a similar fashion, 24 pooled
samples with a pool size of 50, and 12 pooled samples with
a  pool size of 100 were prepared. Step-wise preparation
of pooled samples is summarized in Table 1. Of the 121
pooled samples with a pool size of 10, the ﬁrst 120 were
used  to create the 24 pooled samples with a pool size of 50.
The  121st was  excluded from the analysis. Finally, a reposi-
tory  of all milk samples was  stored at −70 ◦C. Samples from
herd  2 were pooled using the same protocol. Hence, a total
of  70 samples with a pool size of 5, 35 samples with a pool
size  of 10, 7 samples with a pool size of 50 and 3 samples
with a pool size of 100 were prepared from herd 2. All milk
sample  pooling was performed at the Dairy Epidemiology
Laboratory.
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Table 1
Number of pooled milk samples prepared for each herd and the step-wise aliquot volumes used for different pool sizes.
Pool size No. of samples Sample volume before
aliquoting  (ml)
Aliquot  volume for
pooling  (ml)
Sample volume remaining
after  pooling (ml)
Herd 1 Herd 2
Individual sample 1210 351 >5 2 >3
5  242 70 10 6 4
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.4. Direct culture
To  detect Mycoplasma spp. in milk samples from herd
,  individual and pooled samples were directly cultured
n  modiﬁed Hayﬂick agar and incubated at 37 ◦C in 4%
O2 for 7 days. Individual samples were plated on quarter
lates. Similarly, pooled samples were plated on quar-
er  plates but in duplicate to assess the reliability of the
ooled  sample preparation. All culture plates were eval-
ated  by the same laboratory technician at 7 days after
lating for evidence of growth. For herd 2, milk samples
ere plated directly on modiﬁed Hayﬂick agar and also
fter  enrichment in mycoplasma speciﬁc broth. In addi-
ion,  all individual and pooled milk samples were also
ultured on quarter and duplicate quarter blood agar plates,
espectively. Blood agar plates were incubated at 37 ◦C for
8  h and resulting colonies were identiﬁed by the same
aboratory technician following NMC  guidelines for iden-
iﬁcation of Staph. aureus and Strep. agalactiae colonies.
ohen’s kappa statistic was computed to measure agree-
ent  between duplicate quarter plates for pooled samples
s  well as between the commercial laboratory and the Milk
uality  Laboratory.
.5.  Digitonin assay
To  discriminate between Acholeplasma spp. and
ycoplasma spp., digitonin disk inhibition test was per-
ormed  according to the method previously described
Thurmond et al., 1989). For herd 1, four culture-positive
amples were randomly selected from each pool size and a
otal  of 20 random samples were tested using the digitonin
ssay. For herd 2, only 2 individual samples cultured pos-
tive  hence the two were tested using the digitonin disk
nhibition test. Samples that had zone diameters larger
han  5 mm were considered to be Mycoplasma spp.
.6.  Fluorescent antibody technique
Direct ﬂuorescent-antibody staining was performed to
peciate  Mycoplasma spp. using individual culture positive
amples  in herd 1 according to the procedure previously
escribed (Baas and Jasper, 1972).
.7. Biochemical testsThe  presence of Strep. agalactiae was identiﬁed and
onﬁrmed using biochemical tests (API 20 Strep system,
ioMerieux, Marcy l’Etoile, France).8 4
20 20
– 40
2.8. Quantitative real-time PCR (qPCR)
Pooled milk samples of size 50 and 100 from herds 1 and
2  were shipped overnight frozen to Lancaster DHIA Labo-
ratory  (Manheim, PA, USA) for qPCR assay. QPCR testing
of  smaller size pools was not completed due to bud-
get limitation. A commercially available multiplex qPCR
kit  (PathoProof Mastitis PCR Assay, Thermo Fisher Scien-
tiﬁc,  Espoo, Finland) was  used to detect DNA from all 3
contagious pathogens with results reported as cycles-to-
threshold (Ct) that were truncated at 37, the maximum
number of cycles per run. Samples with Ct < 37 were con-
sidered to be positive for the respective contagious mastitis
pathogen.
2.9.  Diagnostic strategies
A  diagnostic strategy was  a combination of multiple
testing stages of culture, qPCR, or both applied to pooled
milk  samples in descending pool size order, and ended
with testing the individual composite milk samples that
made  up the ﬁnal positive pooled samples identiﬁed. For
example,  a strategy may  specify qPCR testing of 100-pooled
samples, followed by 5-pooled samples and ﬁnally indi-
vidual  cow samples. In such case, qPCR is performed using
100-pooled samples. Subsequently, only the samples that
constitute  positive pools may  be further tested by culture
of  pools of 5 samples. Finally, the samples that constitute
positive pools of 5 are all tested by individual culture. Such
a  strategy will be denoted as 100P qPCR → 5P culture → IND
culture  (P = pooled sample, IND = individual sample). Once
results  from all testing stages were available, diagnostic
strategies for M. bovis, Staph. aureus and Strep. agalactiae
(Tables 2 and 3, respectively) were evaluated and the num-
ber  of positive cows identiﬁed per strategy recorded. The
11  strategies for M.  bovis were designed to include a maxi-
mum  of 2 culture stage(s) to avoid a long turnaround time
for  results. A total of 17 strategies were compared for each
of  Staph. aureus and Strep. agalactiae, while allowing for a
maximum  of 3 culture tests in a strategy due to the shorter
turnaround time for aerobic culture. Culture was the ﬁnal
testing  stage in all strategies because of its gold standard
status and to conﬁrm viable pathogen cells.
2.10. Prevalence of mastitis and sensitivities of
diagnostic strategies
The  prevalence of M. bovis, Staph. aureus or Strep. agalac-
tiae  was  estimated using the individual culture results of
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Table  2
Diagnostic strategiesa compared for identiﬁcation of Mycoplasma bovis mastitis cows in 2 California dairy herds (Herd 1 and 2).
Diagnostic strategy Testing stage
1 2 3 4
Sample1 Test1 Sample2 Test2 Sample3 Test3 Sample4 Test4
1 IND Culture
2 5P Culture IND Culture
3  100P qPCR IND Culture
4  50P qPCR IND Culture
5  100P qPCR 50P qPCR IND Culture
6  100P qPCR 5P Culture IND Culture
7  50P qPCR 5P Culture IND Culture
8  100P qPCR 50P qPCR 5P Culture IND Culture
9  100P qPCR 10P Culture IND Culture
10  50P qPCR 10P Culture IND Culture
qP
ual sam
ample w11  100P qPCR 50P 
a qPCR, quantitative real-time polymerase chain reaction; IND, Individ
pool  size of 10; 50P, pooled sample with a pool size of 50; 100P, pooled s
each study herd. Sensitivity of a diagnostic strategy in a
herd  was calculated as the number of positive samples
identiﬁed by a strategy divided by the total number of pos-
itive  samples identiﬁed by individual culture tests.
2.11. Labor and supply costs
Labor costs for sample collection and pooling were
based on non-veterinary labor. Speciﬁcally, labor costs
were  calculated for pre- and post-sample collection,
including time spent (in h) collecting milk samples,
ordering and organizing the necessary supplies, trans-
port  to and from the study herds, identiﬁcation of cows,
teat  preparation for sample collection, data recording,
sample processing and shipping, and sample pooling. Non-
veterinary trained labor (e.g. ofﬁce worker, veterinary
technician or dairy employee) costs were estimated at
US$12.50/h, including 25% cost-of-employment (beneﬁts,
insurance, etc.). Actual costs incurred for laboratory sup-
plies  were included when estimating a strategy’s cost.
Table 3
Diagnostic strategiesa compared for identiﬁcation of Staphylococcus aureus and St
Diagnostic strategy Testing stage
1 2 
Sample1 Test1 Sa
1 IND Culture
2  5P Culture IN
3  10P Culture 5P
4  100P qPCR IN
5  50P qPCR IN
6  100P qPCR 50
7  100P qPCR 5P
8  50P qPCR 5P
9  100P qPCR 10
10  50p qPCR 10
11  100P Culture IN
12  50P Culture IN
13  100P Culture 50
14  100P Culture 5P
15  50P Culture 5P
16  100P Culture 10
17  50P Culture 10
a qPCR, quantitative real-time polymerase chain reaction; IND, individual sam
pool  size of 10; 50P, pooled sample with a pool size of 50; 100P, pooled sample wCR 10P Culture IND Culture
ple; 5P, pooled sample with a pool size of 5; 10P, pooled sample with a
ith a pool size of 100.
Samples were pooled in a hierarchical descending man-
ner  (100P, 50P, 10P, 5P followed by IND). Hence, the
cost  for non-hierarchically ordered strategies such as
100P  qPCR → 5P culture → IND culture were estimated by
extrapolation based on the costs incurred for hierarchical
strategies. Shipping fees were excluded due to the variabil-
ity  of such cost by location of the dairy sampled and testing
laboratories. The cost of milk cultures was  ﬁxed at US$6 per
sample  for M. bovis and US$5 per sample for aerobic culture
for  Staph. aureus or Strep. agalactiae based on charges by the
Milk  Quality Laboratory for routine submissions. The cost
of  qPCR testing for all 3 contagious pathogens was ﬁxed at
US$21  per sample based on the non-member fee charged
by  Lancaster DHIA Laboratory (Manheim, PA, USA).
2.12. Cost-effectiveness analysisA separate analysis was  performed for each herd and
for  each contagious pathogen identiﬁed within a herd. The
effectiveness of a diagnostic strategy was  determined by its
reptococcus agalactiae mastitis cows in a California dairy herd (Herd 2).
3
mple2 Test2 Sample3 Test3
D Culture
 Culture IND Culture
D Culture
D Culture
P qPCR IND Culture
 Culture IND Culture
 Culture IND Culture
P Culture IND Culture
P Culture IND Culture
D Culture
D Culture
P Culture IND Culture
 Culture IND Culture
 Culture IND Culture
P Culture IND Culture
P Culture IND Culture
ple; 5P, pooled sample with a pool size of 5; 10P, pooled sample with a
ith a pool size of 100.
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Table 4
Results of diagnostic strategiesa that included bacterial culture and qPCR tests to detect Mycoplasma bovis, Staphylococcus aureus and Streptococcus agalactiae
in  2 California dairy herds (Herd 1 and 2).
Mycoplasma bovis Staphylococcus aureus Streptococcus agalactiae
Herd ID Pool size Test type No. of samples
tested
No. of positive
samples
No. of samples
Tested
No. of positive
samples
No. of samples
tested
No. of positive
samples
Herd 1 Individual Culture 1210 34b – – – –
5P Culture 242 22 – – – –
10P Culture 121 21 – – – –
50P
Culture 24 11 – – – –
qPCR 24 12 – – – –
100P
Culture 12 6 – – – –
qPCR 12 9 – – – –
Herd 2 Individual Culture 351 2 351 12c 351 59c
5P Culture 70 1 70 9 70 41
10P Culture 35 2 35 5 35 28
50P
Culture 7 2 7 1 7 7
qPCR 7 0 7 3 7 7
100P
Culture 3 0 3 2 3 3
qPCR 3 1 3 2 3 3
mple w
s .
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pa qPCR, quantitative real-time polymerase chain reaction, 5P, pooled sa
ample  with a pool size of 50, 100P, pooled sample with a pool size of 100
,c Total number of positive samples identiﬁed and denominators for sen
ensitivity. The mean cost of detecting a single infected cow
aried  by strategy and hence the mean cost-effectiveness
atio (MCER) was estimated for each diagnostic strategy
Petitti, 2000). The MCER, which is the cost per infected
ow identiﬁed, was employed rather than the conventional
ost per unit sensitivity because of its easier interpretabil-
ty. Subsequently, the incremental cost-effectiveness ratio
ICER)  was calculated as a primary endpoint to determine
hether a diagnostic strategy was cost-effective compared
o  the reference strategy. The reference strategy was  a
trategy  that had the lowest MCER. Thus, the ICER was  cal-
ulated  as: (cost of reference strategy − cost of alternative
trategy)/(sensitivity of reference strategy − sensitivity of
lternative strategy). Finally, the diagnostic strategy with
he  lowest ICER was considered the most cost-effective
lternative to the reference strategy. Hence, the ICER is an
stimate  of the cost per unit gain in sensitivity obtained by
mplementing an alternative strategy compared to the ref-
rence.  A negative ICER indicated that its cost per positive
ow  identiﬁed was greater than the cost per positive cow
dentiﬁed by the reference strategy and hence the former
as  inferior to the latter.
In this analysis, we only focused on the strategies which
howed higher sensitivities than the reference because we
ssumed  that strategies that are more cost-effective but
ave  lower sensitivities may  not draw attention of veteri-
ary  clinicians or dairy owners.
.13. Monte Carlo simulations
Stochastic  models were implemented using Monte
arlo (MC) simulations (@Risk Software, Palisade, New-
eld,  NY) to account for variability in the sensitivity of
 diagnostic strategy. A separate model was created for
ach  combination of herd size (1000, 3000, or 6000) and
astitis  prevalence (10%, 20%, or 30%) for each pathogen.
ence, a total of 9 different models were created for each
athogen (M.  bovis, Staph. aureus, or Strep. agalactiae). Testith a pool size of 5, 10P, pooled sample with a pool size of 10, 50P, pooled
estimation in non-stochastic analyses (Tables 5 and 6).
sensitivity  of a diagnostic strategy was estimated using a
beta  distribution with the parameters  ˛ and ˇ. The param-
eters   ˛ and ˇ, respectively, were calculated based on the
number of successes (positive samples) and the number
of  failures (negative samples) observed for each diagnos-
tic  strategy in the deterministic model (Hoar et al., 2003).
The  costs of each diagnostic strategy, including the cost of
labor,  assay and supplies remained identical to costs spec-
iﬁed  in the deterministic analysis. The reference strategy
with  the lowest MCER was  identiﬁed. Among strategies
with higher sensitivity than the reference strategy, the 3
most  cost-effective alternative strategies were identiﬁed
based on the ICER ranks of 10,000 iterations. Probability of
each  strategy being the most cost-effective alternative out
of  10,000 iterations and its 95% conﬁdence intervals were
computed.
3.  Results
3.1. Bacterial culture and qPCR
Table 4 summarizes bacterial culture and qPCR results
by  pool size to detect M.  bovis, Staph. aureus and Strep.
agalactiae in the 2 study herds. Prevalence proportions
were estimated using individual culture results as 2.8%
(95%  CI = 1.9, 3.7), 0.6% (95% CI = 0.0, 1.4), 3.4% (95% CI = 1.5,
5.3)  and 16.8% (95% CI = 12.9, 20.7) for M. bovis (herd 1), M.
bovis  (herd 2), Staph. aureus (herd 2) and Strep. agalactiae
(herd 2).
Cohen’s kappa statistic for agreement between quarter
and  duplicate quarter plates ranged from 0.8 to 1.0 for cul-
ture  results of pooled samples to identify M. bovis in herd 1
and  Staph. aureus and Strep. agalactiae in herd 2, which can
be  interpreted as excellent agreement (Fleiss et al., 2003).
Agreement between the commercial and the research lab-
oratory  with respect to individual cow composite culture
results for mycoplasma was  good (Kappa value = 0.647)
(Fleiss et al., 2003).
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3.2. Speciation of bacteria
Due  to the budget limitations, 20 (58.8%) randomly
selected mycoplasma positive samples out of the 34 iden-
tiﬁed  from herd 1, and the 2 (100%) mycoplasma positive
samples from herd 2 were tested by digitonin assay and
conﬁrmed as Mycoplasma spp. Fluorescent antibody tech-
nique  identiﬁed M.  bovis in 27 (>80%) of all 34 individual
culture positive samples from herd 1. Mycoplasma did
not  grow in the remaining 7 samples possibly due to the
repeated thawing of milk samples. Strep. agalactiae was
identiﬁed in the randomly chosen 15 (>25%) of all 59 cul-
ture  positive samples in herd 2 by API identiﬁcation system.
3.3.  Diagnostic strategies
Tables  5 and 6 summarize the number of cows eligible
for testing, costs involved, and number of contagious masti-
tis  cows identiﬁed by the strategies in herd 1 and 2. In herd
2,  only 2 out of 351 samples tested positive for Mycoplasma
spp. with individual culture, thus the summary of different
strategies was  not informative and was not further ana-
lyzed.
3.4.  Cost-effectiveness analysis
Results of cost-effectiveness analysis are summarized
in Table 7. For identiﬁcation of M.  bovis cases, the refer-
ence  strategy was strategy 2 (5P culture → IND culture)
and the 3 most cost-effective alternative strategies to the
reference  were strategy 1 (a whole herd culture test), 3
(100P  qPCR → IND culture) and 4 (50P qPCR → IND cul-
ture).  For identiﬁcation of Staph. aureus cases, the reference
strategy was strategy 14 (100P culture → 5P culture → IND
culture)  and the 3 most cost-effective alternative strategies
were  strategy 1 (a whole herd culture test), 11 (100P cul-
ture  → IND culture) and 4 (100P qPCR → IND culture). For
identiﬁcation of Strep. agalactiae cases, similar to M.  bovis
the  reference strategy was strategy 2 (5P culture → IND
culture) and the 3 most cost-effective alternative strate-
gies  were strategy 1 (a whole herd culture test), 12 (50P
culture → IND culture) and 5 (50P qPCR → IND culture).
3.5.  Monte Carlo simulations
The  parameters  ˛ and  ˇ for beta distributions speciﬁed
are summarized in Table 8. The stochastic model using the
same  herd size and disease prevalence identiﬁed the same
reference strategy and the 3 most cost-effective alternative
strategies as those identiﬁed by the deterministic analysis
for  all 3 pathogens with one exception. The exception was
for  the third alternative to the reference strategy to iden-
tify  M.  bovis cases which was strategy 5 (100P qPCR → 50P
qPCR  → IND culture) in the stochastic model. The deter-
ministic analysis had identiﬁed strategy 4 (50P qPCR → IND
culture)  as the third most cost-effective alternative.
Simulations using different herd size and prevalence
showed that prevalence did not affect the ranking of strate-
gies  for any of the 3 pathogens; however, changes in
herd  size altered the rankings of the diagnostic strate-
gies (Tables 9–11). Ranking of strategies for M.  bovis Ta
b
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Table 6
Costs (in U.S. dollars), number of positive cows identiﬁed, and sensitivities of diagnostic strategiesa to identify Staphylococcus aureus and Streptococcus agalactiae mastitis cows in a California dairy herd (Herd 2).
Diagnostic
strategy
Testing stageb Staphylococcus aureus Streptococcus agalactiae
1 2 3 Positive cows
identiﬁed
(sensitivity %)c
Total cost Positive cows identiﬁed
(sensitivity  %)d
Total cost
Total samples
tested (type)
Cost (test) Total samples
tested (type)
Cost (test) Total samples
tested (type)
Cost (test)
1 351/351 (IND) 2380/2380 (C) 12(100%) 2380 59 (100%) 2380
2 70/70 (5P) 403/403 (C) 45/205 (IND) 305/1390 (C) 7 (58.3%) 1251 57 (96.6%) 2053
3 35/35 (10P) 195/195 (C) 10/56 (5P) 58/323 (C) 25/200 (IND) 170/1356 (C) 5 (41.7%) 1047 56 (94.9%) 2153
4 3/3 (100P) 164/164 (qPCR) 200/30 (IND) 1356/2034 (C) 9 (75.0%) 1788 47 (79.7%) 2289
5 7/7 (50P) 266/266 (qPCR) 150/35 (IND) 1017/2373 (C) 8 (66.7%) 1640 59 (100%) 2641
6 3/3 (100P) 65/65 (qPCR) 4/6 (50P) 152/228 (qPCR) 150/300 (IND) 1017/2034 (C) 8 (66.7%) 1642 47 (79.7%) 2435
7 3/3 (100P) 86/86 (qPCR) 40/60 (5P) 230/346 (C) 45/165 (IND) 305/1119 (C) 7 (58.3%) 1187 45 (76.3%) 1888
8 7/7 (50P) 175/175 (qPCR) 30/70 (5P) 173/403 (C) 40/205 (IND) 271/1390 (C) 6 (50.0%) 1201 57 (96.6%) 2227
9 3/3 (100P) 75/75 (qPCR) 20/30 (10P) 171/257 (C) 50/230 (IND) 339/1560 (C) 6 (50.0%) 1173 44 (74.6%) 2124
10 7/7 (50p) 162/162 (qPCR) 15/35 (10P) 129/300 (C) 50/280 (IND) 339/1899 (C) 6 (50.0%) 1235 56 (94.9%) 2486
11 3/3 (100P) 116/116 (C) 200/300 (IND) 1356/2034 (C) 9 (75.0%) 1740 47 (79.7%) 2241
12 7/7 (50P) 154/154 (C) 150/35 (IND) 1017/2373 (C) 8 (66.7%) 1528 59 (100%) 2529
13 3/3 (100P) 17/17 (C) 4/6 (50P) 88/132 (C) 150/300 (IND) 1017/2034 (C) 8 (66.7%) 1530 47 (79.7%) 2291
14 3/3 (100P) 38/38 (C) 4/60 (5P) 23/346 (C) 45/165 (IND) 305/1119 (C) 7 (58.3%) 959 45 (76.3%) 1840
15 7/7 (50P) 63/63 (C) 30/70 (5P) 173/403 (C) 40/205 (IND) 271/1390 (C) 6 (50.0%) 1089 57 (96.6%) 2115
16 3/3 (100P) 27/27 (C) 20/30 (10P) 171/257 (C) 50/230 (IND) 339/1560 (C) 6 (50.0%) 1125 44 (74.6%) 2076
17 7/7 (50P) 45/45 (C) 15/35 (10P) 129/300 (C) 50/280 (IND) 339/1899 (C) 6 (50.0%) 1118 56 (94.9%) 2369
a C, bacterial culture; qPCR, quantitative real-time polymerase chain reaction; IND, individual sample; 5P, pooled sample with a pool size of 5; 10P, pooled sample with a pool size of 10; 50P, pooled sample
with  a pool size of 50; 100P, pooled sample with a pool size of 100.
b Left side of slash is for Staphylococcus aureus and right side is for Streptococcus agalactiae.
c Staphylococcus aureus mastitis cows identiﬁed by the strategy divided by the total number of Staphylococcus aureus mastitis cows in herd 2 (n = 12).
d Streptococcus agalactiae mastitis cows identiﬁed by the strategy divided by the total number of Streptococcus agalactiae mastitis cows in herd 2 (n = 59).
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Table 7
Diagnostic strategiesa with the lowest cost per mastitis case identiﬁed, followed by 3 alternatives ranked by cost-effectiveness to identify Mycoplasma bovis, Staphylococcus aureus and Streptococcus agalactiae on
2 California dairy herds as conﬁrmed by a stochastic model.
Diagnostic strategy Deterministic analysis Stochastic model
Positive cows
identiﬁed
Sensitivity (%) Total cost Difference in MCER ICER Probabilityc 95%CI
Cost Sensitivity (%) Lower Upper
Mycoplasma bovis (herd 1, N = 1210)
2  5P (C) → IND (C) 25 73.5 3219 R R 129 R 0.65 0.64 0.66
1 IND (C) 34 100 8192 −4973 −26.5 241 188 0.45 0.44 0.46
3 100P (qPCR) → IND (C) 29 90.6 6979 −3760 −17.1 241 220 0.38 0.37 0.39
5b 100P (qPCR) → 50P (qPCR) → IND (C) 26 81.3 5567 −2348 −7.7 214 304 0.26 0.25 0.27
Staphylococcus aureus (herd 2, N = 351)
14  100P (C) → 5P (C) → IND (C) 7 58.3 959 R R 137 R 0.87 0.86 0.87
1 IND (C) 12 100 2380 −1421 −41.7 198 34 0.50 0.49 0.51
11 100P (C) → IND (C) 9 75.0 1740 −781 −16.7 193 47 0.21 0.21 0.22
4 100P (qPCR) → IND (C) 9 75.0 1788 −829 −16.7 199 50 0.18 0.17 0.19
Streptococcus agalactiae (herd 2, N = 351)
2 5P (C) → IND (C) 57 96.6 2053 R R 36 R 0.65 0.65 0.66
1 IND (C) 59 100 2380 −328 −3.4 40 97 0.25 0.25 0.26
12 50P (C) → IND (C) 59 100 2529 −476 −3.4 43 141 0.18 0.17 0.19
5 50P (qPCR) → IND (C) 59 100 2641 −588 −3.4 45 174 0.14 0.14 0.15
a C, bacterial culture; qPCR, quantitative real-time polymerase chain reaction; IND, Individual sample; 5P, pooled sample with a pool size of 5; 50P, pooled sample with a pool size of 50; 100P, pooled sample
with  a pool size of 100; MCER, mean cost-effectiveness ratio; ICER, incremental cost-effectiveness ratio; R, reference strategy that has the lowest MCER.
b The deterministic analysis ranked strategy 4 (50P (qPCR) → IND (C)), but the strategy selected by the stochastic model is presented here.
c Probability calculated as the number of times each strategy was ranked as the most cost-effective alternative out of 10,000 iterations.
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Table 8
Sensitivity estimates and their respective beta distribution parameters (alpha and beta) used for a stochastic cost-effectiveness model to identify contagious
mastitis  cows on large dairy herds.
Mycoplasma bovis. Staphylococcus aureus Streptococcus agalactiae
Strategy no. and its
sensitivity  estimate
Beta  distribution
parameters (˛, ˇ)
Strategy  no. and its
sensitivity  estimate
Beta  distribution
parameters (˛, ˇ)
Strategy  no. and its
sensitivity  estimate
Beta  distribution
parameters (˛, ˇ)
1 (100%) (34, 0.1) 1 (100%) (12, 0.1) 1 (100%) (59, 0.1)
2  (73.5%) (25, 9) 2 (58.3%) (7, 5) 2 (96.6%) (57, 2)
3  (90.6%) (29, 3) 3  (41.7%) (5, 7) 3  (94.9%) (56, 3)
4  (81.3%) (26, 6) 4  (75.0%) (9, 3) 4 (79.7%) (47, 12)
5  (81.3%) (26, 6) 5 (66.7%) (8, 4) 5 (100%) (59, 0.1)
6  (71.9%) (23, 9) 6 (66.7%) (8, 4) 6 (79.7%) (47, 12)
7  (62.5%) (20, 12) 7 (58.3%) (7, 5) 7 (76.3%) (45, 14)
8  (62.5%) (20, 12) 8 (50.0%) (6, 6) 8 (96.6%) (57, 2)
9  (65.6%) (21, 11) 9 (50.0%) (6, 6) 9 (74.6%) (44, 15)
10  (59.4%) (19, 13) 10 (50.0%) (6, 6) 10 (94.9%) (56, 3)
11  (59.4%) (19, 13) 11 (75.0%) (9, 3) 11 (79.7%) (47, 12)
–  – 12 (66.7%) (8, 4) 12 (100%) (59, 0.1)
–  – 13 (66.7%) (8, 4) 13 (79.7%) (47, 12)
–  – 14 (58.3%) (7, 5) 14 (76.3%) (45, 14)
(6, 6
(6, 6
(6, 6
i
t
h
s
t
c
b
h
d
e
r
t
t
h
m
T
R
p
q–  – 15 (50.0%) 
–  – 16 (50.0%) 
–  – 17 (50.0%) 
dentiﬁcation in a herd of 1000 cows was identical between
he  stochastic and deterministic models. However, with
erd  sizes of 3000 or 6000 cows, strategy rankings changed
uch  that strategy 6 (100P qPCR → 5P culture → IND cul-
ure)  was the reference, strategy 3 (100P qPCR → IND
ulture) was the most cost-effective alternative followed
y  strategy 1 (IND culture).
With  respect to Staph. aureus, a simulation using a
erd  size of 1000 cows showed the same ranking as the
eterministic model for the reference and the most cost-
ffective. However, with herd size of 3000 or 6000, the
eference was strategy 11 (100P culture → IND culture) and
he  most cost-effective alternative was strategy 1 (IND cul-
ure).  Similarly for Strep. agalactiae, a simulation with a
erd  size of 1000 exhibited the same result as the deter-
inistic model and simulations with a herd size of 3000
able 9
esults of a stochastic model for diagnostic strategiesa to identify Mycoplasma b
revalence.
Herd size Mycoplasma bovis prevalence
10% 20% 
1000
Reference Strategy 2 Reference 
1st CEb Strategy 1 1st CE 
2nd CE Strategy 3 2nd CE 
3rd CE Strategy 3 3rd CE 
4th CE Strategy 5 4th CE 
3000
Reference Strategy 6 Reference 
1st CE Strategy 3 1st CE 
2nd CE Strategy 3 2nd CE 
3rd CE Strategy 1 3rd CE 
4th CE Strategy 1 4th CE 
6000
Reference Strategy 6 Reference 
1st CE Strategy 3 1st CE 
2nd CE Strategy 3 2nd CE 
3rd CE Strategy 1 3rd CE 
4th CE Strategy 1 4th CE 
a Strategy 1: individual culture; strategy 2: 5P culture → individual culture; st
PCR  → individual culture; strategy 6: 100P qPCR → 5P culture → individual cultu
b CE, Cost-effective alternative.) 15 (96.6%) (57, 2)
) 16 (74.6%) (44, 15)
) 17 (94.9%) (56, 3)
or  6000 showed that strategy 11 (100P culture → IND cul-
ture)  as the reference, strategy 2 (5P culture → IND culture)
was  the most cost effective alternative and strategy 15 (50P
culture  → 5P culture → IND culture) was the second most
cost-effective alternative.
4.  Discussion
Diagnostic strategies considered in the present study
successfully identiﬁed contagious mastitis cows with
varying cost-effectiveness depending on the diagnostic test
and  number of milk samples in a pooled sample. The recent
introduction of qPCR testing of milk samples can provide
rapid identiﬁcation of cows infected with contagious mas-
titis  with high sensitivity. To address the costs incurred
in  surveying large dairy herds, diagnostic strategies were
ovis mastitis ranked by cost-effectiveness under varying herd size and
30%
Strategy 2 Reference Strategy 2
Strategy 1 1st CE Strategy 1
Strategy 3 2nd CE Strategy 3
Strategy 3 3rd CE Strategy 3
Strategy 5 4th CE Strategy 5
Strategy 6 Reference Strategy 6
Strategy 3 1st CE Strategy 3
Strategy 3 2nd CE Strategy 3
Strategy 1 3rd CE Strategy 1
Strategy 1 4th CE Strategy 1
Strategy 6 Reference Strategy 6
Strategy 3 1st CE Strategy 3
Strategy 3 2nd CE Strategy 3
Strategy 1 3rd CE Strategy 1
Strategy 1 4th CE Strategy 1
rategy 3: 100P qPCR → individual culture; strategy 5: 100P qPCR → 50P
re.
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Table  10
Results of a stochastic model for diagnostic strategiesa to identify Staphylococcus aureus mastitis ranked by cost-effectiveness under varying herd size and
prevalence.
Herd size Staphylococcus aureus prevalence
10% 20% 30%
1000
Reference Strategy 14 Reference Strategy 14 Reference Strategy 14
1st  CEb Strategy 1 1st CE Strategy 1 1st CE Strategy 1
2nd  CE Strategy 1 2nd  CE Strategy 1 2nd  CE Strategy 1
3rd  CE Strategy 1 3rd  CE Strategy 1 3rd  CE Strategy 1
4th  CE Strategy 1 4th CE Strategy 1 4th CE Strategy 1
3000
Reference  Strategy 11 Reference Strategy 11 Reference Strategy 11
1st  CE Strategy 1 1st CE Strategy 1 1st CE Strategy 1
2nd  CE Strategy 1 2nd CE Strategy 1 2nd CE Strategy 1
3rd  CE Strategy 1 3rd CE Strategy 1 3rd CE Strategy 1
4th  CE Strategy 4 4th CE Strategy 4 4th CE Strategy 4
6000
Reference  Strategy 11 Reference Strategy 11 Reference Strategy 11
1st  CE Strategy 1 1st CE Strategy 1 1st CE Strategy 1
2nd  CE Strategy 1 2nd  CE Strategy 1 2nd CE Strategy 1
3rd  CE Strategy 4 3rd CE Strategy 1 3rd CE Strategy 1
4th  CE Strategy 4 4th CE Strategy 4 4th CE Strategy 4
re; straa Strategy 1: individual culture; strategy 4: 100P qPCR → individual cultu
culture  → individual culture.
b CE, Cost-effective alternative.
designed such that once a pooled milk sample tested pos-
itive  with qPCR, culture of the constituent samples in a
smaller  pool size and/or individual samples was performed
to  identify infected cows. To maintain realistic cost esti-
mates  and because of the potential application in practice,
we  employed culture protocols, equipment and costs sim-
ilar  to what would be currently expected in private milk
quality laboratories.
Testing cows with clinical mastitis is commonly con-
ducted by sampling the affected quarter(s). The study
reported here does not relate to quarter-level mastitis
pathogen identiﬁcation. Instead, this study was based
on  composite milk samples. If individual quarter level
samples were used, the difference would be in terms of
higher  sensitivity and increased cost. Speciﬁcally a higher
Table 11
Results of a stochastic model for diagnostic strategiesa to identify Streptococcus 
and  prevalence.
Herd size Streptococcus agalactiae prevalence
10% 20% 
1000
Reference Strategy 2 Reference
1st  CEb Strategy 1 1st CE 
2ndCE  Strategy 12 2ndCE 
3rd  CE Strategy 5 3rd CE 
4th  CE Strategy 5 4th CE 
3000
Reference  Strategy 11 Reference
1st  CE Strategy 2 1st CE 
2ndCE  Strategy 15 2ndCE 
3rd  CE Strategy 5 3rd CE 
4th  CE Strategy 1 4th CE 
6000
Reference  Strategy 11 Reference
1st  CE Strategy 2 1st CE 
2ndCE  Strategy 15 2ndCE 
3rd  CE Strategy 8 3rd CE 
4th  CE Strategy 1 4th CE 
a Strategy 1: individual culture; strategy 2: 5P culture → individual culture; st
ture  → individual culture; strategy 11: 100P culture → individual culture; strate
culture  → individual culture.
b CE, Cost-effective alternative.tegy 11: 100P culture → individual culture; strategy 14: 100P culture → 5P
sensitivity would have been expected for all estimates
and higher total costs would have been incurred with
a  greater increase in costs related to qPCR than culture.
The choice of composite sample was justiﬁed, however,
by the fact that a four-fold cost of culture or qPCR would
be  unacceptable given large herd sizes. Also, composite
samples are the current standard practice when surveying
whole or subsets of large herds in California.
In surveying a large herd such as the current study herd
1  for M. bovis, our analysis indicated that the least cost per
positive  cow identiﬁed was  attained by 5P culture → IND
culture.  This reference strategy achieved a sensitivity of
73.5%  and cost US$129 per positive cow identiﬁed. Such
a  sensitivity estimate was  based on the proportion of pos-
itive  cows identiﬁed by the strategy among all the cows
agalactiae mastitis ranked by cost-effectiveness under varying herd size
30%
 Strategy 2 Reference Strategy 2
Strategy 1 1st CE Strategy 1
Strategy 12 2ndCE Strategy 12
Strategy 5 3rd CE Strategy 5
Strategy 5 4th CE Strategy 5
 Strategy 11 Reference Strategy 11
Strategy 2 1st CE Strategy 2
Strategy 15 2ndCE Strategy 15
Strategy 5 3rd CE Strategy 5
Strategy 1 4th CE Strategy 1
 Strategy 11 Reference Strategy 11
Strategy 2 1st CE Strategy 2
Strategy 15 2ndCE Strategy 15
Strategy 8 3rd CE Strategy 8
Strategy 1 4th CE Strategy 1
rategy 5: 50P qPCR → individual culture; strategy 8: 50P qPCR → 5P cul-
gy 12: 50P culture → individual culture; strategy 15: 50P culture → 5P
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dentiﬁed by individual cow composite milk culture results.
urthermore, an additional reduction in the actual sensitiv-
ty  derives from the fact that the reference test used in this
tudy  was culture, which per se is an imperfect test.
Among the remaining strategies to identify M.  bovis
hat exhibited higher sensitivities than the reference, the
ost  cost-effective alternative was shown to be strategy
,  a whole herd culture test, with cost of US$241 per posi-
ive  cow identiﬁed. This gold standard strategy can have
 higher sensitivity, but it is the most costly, too. The
econd and third alternatives (strategies 3 and 4, respec-
ively) may  have higher sensitivities than the reference
ecause of the inclusion of qPCR. In practice, depending on
 dairy manager’s willingness to spend on mastitis testing,
everal options exist including the reference strategy and
he  costlier yet more sensitive strategies.
Exclusion of cows from herd 1 pens that initially tested
egative may  have resulted in a study population that is
verly  positive compared to including cows from negative
ens.  However, clinical cases were subsequently identiﬁed
n  qPCR negative pens, and the same qPCR negative pens
ested  positive later on. Thus, the samples used in this study
re  not necessarily representing only the mycoplasma pos-
tive  pens in the dairy farm.
With  respect to Staph. aureus, the reference strategy was
trategy  14 (100P culture → 5P culture → IND culture) with
 sensitivity of 58.3% and cost of US$137 per positive cow
dentiﬁed. The most cost-effective alternative to the refer-
nce  was strategy 1, a whole herd culture test. With this
trategy, the investigator may  expect the highest possible
ensitivity with cost of US$198 per positive cow identi-
ed. The second most cost-effective strategy was strategy
1  (100P culture → IND culture) with a sensitivity of 75%
nd  cost of US$193 per positive cow identiﬁed. The third
ost  cost-effective alternative to the reference was  strat-
gy  4 (100P qPCR → IND culture) with a sensitivity of 75%.
iven  the lower (58.3%) sensitivity of the reference strat-
gy,  dairy managers may  be advised to select strategy 1,
1  or 4 depending on their budget. Furthermore, the cost
ifference between strategy 11 and 4 was minimal (US$48)
ndicating that at least for Staph. aureus testing, larger pools
ay  reduce the cost difference between qPCR and culture
et  result in comparable test sensitivity between qPCR and
ulture.
The  reference strategy to identify Strep. agalactiae was
P  culture → IND culture (strategy 2) with a sensitivity of
6.6%  and cost of US$36 per positive cow identiﬁed. The
ost  cost-effective alternative to the reference strategy
as also a whole herd culture test (strategy 1), similar to
he  remaining 2 contagious pathogens. With this strategy,
he  investigator may  expect the highest possible sensitivity
ith  cost of US$40 per positive cow identiﬁed. Hence, dairy
anagers  may  select either strategy 2 or 1 due to similar
osts  and sensitivities. Interestingly, the second and third
ost  cost-effective alternatives to the reference strategy
o  identify Strep. agalactiae were strategies 12 (50P cul-
ure  → IND culture) and 5 (50P qPCR → IND culture), both
ad  100% sensitivity. This may  be explained by higher sen-
itivity  of the qPCR assay and culture to identify Strep.
galactiae compared to their sensitivity to identify Staph.
ureus.edicine 113 (2014) 522–535 533
The  study ﬁndings indicated that veterinarians should
opt for 2-stage culture strategy (5P culture → IND culture)
if  their goal is to identify M. bovis and Strep. agalactiae
contagious mastitis cases with the least cost per case iden-
tiﬁed.  Although, the strategy with the lowest cost per Staph.
aureus  case identiﬁed was  100P culture → 5P culture → IND
culture,  the strategy 5P culture → IND culture had an iden-
tical  sensitivity with a difference in cost (US$959 versus
US$1251, respectively). Hence for simplicity, an investiga-
tor  may  elect to conduct the same 2-stage culture strategy
of  5P culture → IND culture for all contagious pathogens
and expect 73.5%, 58.3% and 96.6% sensitivities for M.  bovis,
Staph.  aureus and Strep. agalactiae, respectively.
Culture of individual cow composite milk samples was
used  as the gold standard test to estimate the sensitivity
of any strategy. One of the limitations of using an imper-
fect  test such as culture to classify individual samples as
positive  or negative is that such a strategy may  offer the
highest sensitivity for the purpose of the analysis yet may
not  detect all infected cows in a herd, leading to a possi-
ble  reoccurrence of the disease in the long term. Thus, the
trade-off between test sensitivity and cost, and the subse-
quent  economic loss entailed due to undetected infections
may  be a key factor for dairy operations to decide what
diagnostic strategy they should employ. Nevertheless, the
options  described here have the advantage of being ranked
by  cost-effectiveness hence aid the decision maker inter-
ested  in pursuing diagnostic strategies other than a whole
herd  culture test. Furthermore, mastitis outbreak manage-
ment  usually involves repeated testing, daily hospital pen
cultures  and close monitoring of other healthy milking
cows, all of which may  be used to complement such pooling
strategies.
Notably, ﬁndings of this study showed that the most
cost-effective diagnostic strategy with higher sensitivity
than the reference was  a whole herd culture test regard-
less  of the type of contagious pathogens. Furthermore, the
reference  strategies for 3 pathogens were all made up of
multiple  stages of culture, mainly due to the relatively
lower testing costs of culture. However, there was  a marked
difference in the makeup of the second or third most
cost-effective alternative strategies between M. bovis and
other  2 pathogens. For M. bovis, the second and third most
cost-effective alternatives to the reference strategy both
included qPCR. Whereas, for Staph. aureus or Strep. agalac-
tiae,  the second most cost-effective alternatives strategies
did  not include qPCR. This implies that use of qPCR on pools
of  50 and 100 may  not greatly contribute to improve cost-
effectiveness to identify Staph. aureus or Strep. agalactiae
cases under similar settings such as herd prevalence, pool
sizes  and use of composite milk samples. Hence, testing of
milk  samples in smaller size pools (pool of 5 or 10 sam-
ples) or individual quarter milk samples using qPCR is yet
to  be investigated. On the other hand, because the sec-
ond  and third most cost-effective alternatives for M.  bovis
include  qPCR and have higher sensitivities with moder-
ate  cost increase compared to the reference, qPCR could
potentially improve the cost-effectiveness of mycoplasma
diagnostics as well as shorten the turnaround time of the
test  results. Further studies including qPCR results using
individual and pooled samples with a wide range of sizes
erinary M534 K. Murai et al. / Preventive Vet
are needed to examine its performance in contagious mas-
titis  diagnostics.
Results of the stochastic modeling for herd size of 1000
cows  supported the ﬁndings from the deterministic cost-
effectiveness analysis for the strategy with the least cost
per  case identiﬁed and ﬁrst and second most cost-effective
alternatives for each of the three contagious pathogens.
Sensitivity was considered the most important parameter
in  the cost-effectiveness analysis for comparing strategies.
In  contrast, speciﬁcity was not considered as an effective-
ness parameter in the analysis since speciﬁcity gauges true
negatives  which is not the objective of a whole herd test.
Milk  culture was used as the ﬁnal test in all diagnostic strat-
egy  comparisons considered to make sure no false-positive
infected cows were included in the cost-effective analysis.
Sensitivity of diagnostic strategies proposed were based
on  culture of the study cows, hence it is possible that
mastitis cases were missed due to imperfect sensitivity of
culture.  Furthermore, alternative strategies had imperfect
sensitivities compared to entire herd culture and hence
resulted in false negative cows. The number of false neg-
ative  cows is a function of a strategy’s sensitivity, the
measure of strategy effectiveness. However, the current
study did not investigate their effect directly. Compared
to  the conventional approach of investigating mastitis out-
breaks  where pen samples are tested followed by culture
of  milk samples from individual cows in positive pens,
the  current study proposes strategies with known cost
and  effectiveness. Finally, in addition to testing milk sam-
ples,  mastitis control includes other measures such as
proper  hospital cow treatments, training of milkers and
continuous surveillance for new cases using recommended
practices. The aforementioned control strategies reduce
the  effect of false negative cows, hence, are integral in con-
trol  of mastitis outbreaks on dairies.
A total of 27 simulation models were created to explore
different herd sizes and mastitis prevalence for each
pathogen. For herd size, 1000, 3000 or 6000 cow herds
were explored which includes the range of herd sizes
in  California based on a survey conducted in 2011 (Aly
et  al., 2014). The survey estimated the mean milking
herd size at 1298 cows (SE 108) and ranged from 65 to
5500  cows. An upper range of 6000 cows was used based
on  the survey. The lower range was not included since
testing an entire herd of 65 cows is feasible. Instead, a
1000  cow herd size was assumed as the lower prevalence
for our simulations based on the subset tested in herd
1  in the current study. The study herds had mastitis
prevalence that ranged from 0.6% to 16.8%. Simulation
models included mastitis prevalence of 10% and 20% to
cover  the range of mastitis observed in the study. In
addition, although considerably high on large herds, a
prevalence of 30% was  also simulated. Results of this
study must be interpreted with caution as the stochastic
simulation analysis to compare the cost-effectiveness of
diagnostic  strategies across 3 herd sizes and 3 prevalence
estimates indicated that prevalence did not affect ranking
of  the strategies. Further studies based on more herds
with wider prevalence range are warranted to verify that
prevalence does not play a major role in the choice of
the  most cost-effective diagnostic strategy. In contrast,edicine 113 (2014) 522–535
the  analysis showed that herd size affected strategy
rankings. For M.  bovis detection in large herds, starting
the diagnostic strategy with qPCR testing of large pool
samples, such as 100P, followed by individual culture or
a  series of culture testing using 5P and individual samples
reduced the cost of testing while maintaining sensitivity.
QPCR testing of larger size pools is expected to increase
in  cost-effectiveness as the cost of qPCR decreases in the
future.  It is also noteworthy that for smaller herd sizes,
culture of 5-pooled samples could replace the qPCR using
large  pooled samples. For Staph. aureus, the reason for the
change  of reference strategy when herd size increased from
1000  to 3000 or 6000 was unknown however imperfect
sensitivity of culture and qPCR may  explain this difference.
For  Strep. agalactiae identiﬁcation in a larger herd size,
100P  samples was  the ﬁrst testing stage in the reference
strategy and may  be explained by a greater reduction in
costs  when testing larger herds than smaller herds.
As  with any cost-effective analysis, what may  be cost-
effective may  not be affordable for an individual dairy
operation, especially given record-high operational cost
of  dairies due to economic downturn. The ﬁndings of the
current  study should be generalized with caution because
only  a single herd was  used for each pathogen surveil-
lance and variables such as breed, herd size and disease
prevalence are important factors. Furthermore, the cost of
diagnostic  tests may  change over time. As diagnostic tests
such  as qPCR become more readily available and affordable
especially for M. bovis, such tests could make a substantial
industry-wide change in diagnosis of contagious mastitis.
5.  Conclusion
When faced with a mastitis outbreak in a large dairy
herd, an investigator may  elect to conduct a 2-stage cul-
ture  strategy of pools of 5 composite milk samples followed
by  individual cow composite milk samples that constitute
positive pools. With such a strategy, the investigator can
expect  a sensitivity of 73.5% (95% CI: 55.6, 87.1), 58.3% (95%
CI:  27.7, 84.8) and 96.6% (95% CI: 88.3, 99.6) for M.  bovis,
Staph. aureus and Strep. agalactiae, respectively. QPCR could
potentially improve the cost-effectiveness of diagnostic
strategies for contagious mastitis surveillance, speciﬁcally
for  mycoplasma spp. In conclusion, several options may
exist  when identifying contagious mastitis cases in large
dairy  herds by use of pooled samples. Investigators should
base  their decisions on both cost and sensitivity of the dif-
ferent  strategies available.
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